Predicting the occurrence of severe postreperfusion syndrome (PRS) is clinically challenging. We investigated whether the flushed fluid potassium concentration (FFK) was associated with severe PRS in deceased donor liver transplantation (DDLT).
Background
Postreperfusion syndrome (PRS) is a crucial intraoperative complication of liver transplantation (LT) and has often been associated with poor patient and liver allograft outcomes [1] [2] [3] [4] . PRS was first described by Aggarwal et al. [5] in 1987 as cardiovascular collapse and was defined as a greater than 30% decrease in the mean arterial pressure (MAP) below the baseline value within 5 min of reperfusion that persists for at least 1 min. More recently, PRS was further classified as mild or severe, with severe PRS defined as severe hemodynamic instability, including persistent hypotension, significant arrhythmias or asystole, and prolonged or recurrent fibrinolysis [1] .
The causes of PRS are complex, and the syndrome has been generally attributed to the release of cold, hyperkalemic, acidotic, and vasoactive substances from the preservation solution, the donor liver, or the recipient's ischemic intestinal system [6] . However, the exact mechanism of PRS remains to be elucidated, and there is a dearth of accurate predictors of severe PRS. During the past decade, LT from donation after circulatory death (DCD) grafts has increased dramatically worldwide due to the severe shortage of deceased liver grafts [7] [8] [9] . Unfortunately, DCD donors are always regarded as marginal donors or extended criteria donors (ECDs). Previous studies found that patients who receive DCD liver grafts experience significantly higher rates of severe PRS than those who receive donation after brain death (DBD) liver grafts [10, 11] . Consequently, growing interest has developed in the relationship between liver graft factors and the development of severe PRS, including factors such as donor age [12] , graft cold ischemia time (CIT) [2, 4] , graft warm ischemia time (WIT) [1] , donor risk index (DRI) [12] , and degree of steatosis [13, 14] .
Flushing the liver graft before reperfusion has been recommended as the most effective way to reduce the incidence of PRS [6, [15] [16] [17] [18] . A previous study found that a portal vein flush (PVF) with 500 mL of 5% albumin solution was sufficient to avoid hyperkalemia and PRS after reperfusion in the adult population [15] . However, we have encountered hyperkalemia and severe PRS more frequently in the new DCD era [10, 11, 14] , despite the routine application of the PVF technique. We speculate that the release of intracellular potassium and other vasoactive substances from the damaged hepatocytes derived from DCD or ECD grafts may be a crucial cause of severe PRS. To investigate this hypothesis, effluent solution samples were collected, and the flushed fluid potassium concentration (FFK) was routinely monitored. The main aim of this study was to determine whether the FFK was associated with severe PRS in a cohort of adult deceased donor liver transplantation (DDLT) recipients.
Material and Methods

Patients
This retrospective study was approved by the Institutional Review Board of Beijing Friendship Hospital, Beijing, China (2017-P2-044-01). Adult patients aged 18 to 70 years who underwent DDLT at Beijing Friendship Hospital between October 2016 and June 2017 were eligible to participate. Exclusion criteria were patients who were younger than 18 years, those whose surgeries were cancelled after anesthesia induction, and those who underwent LT from liver grafts preserved with histidine-tryptophan-ketoglutarate solution.
Surgical techniques and sampling
Deceased liver grafts were procured from DBD or DCD donors, preserved with cold University of Wisconsin (UW) solution and implanted using the standard technique without venovenous bypass. After the portal vein (PV), infrahepatic vena cava (IHVC), and suprahepatic vena cava (SHVC) were clamped in turn, the native liver was removed and the new liver graft was implanted. Subsequently, the SHVC, IHVC, and PV of the donor liver graft were anastomosed in sequence. The liver graft was flushed via the PV with room temperature albumin solution when the IHVC anastomosis was nearly complete. At our center, the flush fluid contains 5% albumin, and the flush volume is 1 mL per g of the liver graft. Beginning in October 2016, effluent solution samples were routinely collected for immediate analysis at the end of the PVF, and the FFK was determined using a point-of-care blood gas analyzer (GEM Premier 3000, Instrumentation Laboratory, Bedford, MA, USA).
Anesthesia protocol
All the patients were treated by the same anesthesiology team using a standardized anesthesia protocol. Anesthesia was induced with midazolam, etomidate, sufentanil, and cisatracurium. After intubation, mechanical ventilation was initiated at a tidal volume of 8-10 mL/kg, a respiratory rate of 10-12 per min, and an inspired oxygen fraction of 0.6. Anesthesia was maintained with propofol, remifentanil, and cisatracurium infusions. Monitoring for all patients included electrocardiogram, pulse oximeter, end-tidal carbon dioxide, body temperature, urine output, and invasive pressures via arterial line and pulmonary artery catheter. Intraoperative monitoring data were automatically recorded at 10-s intervals using an anesthesia information management system (AIMS.NET, Easy Monitor, Ltd., Beijing, China). Intravenous fluids (4% Gelofusine and 20% human albumin solution as colloid and lactated Ringer's solution as crystalloid) were used for volume replacement. Packed red blood cells (RBCs) were administered to maintain a hemoglobin level ³80 g/L. Fresh frozen plasma (FFP) was administered to treat significant coagulation disorders detected with a Sonoclot coagulation analyzer (Sienco, Inc., Arvada, CO, USA). Fibrinolysis prophylaxis with tranexamic acid was routinely administered to patients without a history of thrombosis.
Prophylaxis and management of severe PRS
The diagnosis of severe PRS was mainly based on Hilmi's Criteria [1] when significant arrhythmia or persistent severe hypotension was present after revascularization of the liver graft. Significant arrhythmias included a decrease in heart rate (HR) exceeding 30% of the pre-reperfusion level, new-onset hemodynamically significant arrhythmias, or asystole. Persistent severe hypotension was defined as a drop in MAP exceeding 30% of the pre-reperfusion level that persisted for at least 5 min and was unresponsive to an accumulated intravenous bolus of 100 µg epinephrine. They also included postreperfusion severe hypotension requiring prolonged norepinephrine (NE) infusion until the end of surgery.
During the anhepatic period, hypothermia, acidosis, hyperkalemia, and hypocalcemia were checked and corrected in a timely manner. Before reperfusion, patients with an HR <70 bpm were given 0.5 mg atropine intravenously. If the systolic blood pressure (SAP) remained <90 mmHg despite volume loading, the patients were treated with repeated intravenous boluses of phenylephrine, followed by continuous NE infusion. If both HR and SAP were low, repeated boluses of epinephrine were administered intravenously. There was no systematic pretreatment with mannitol or nafamostat and no use of the retrograde reperfusion technique [16, 17] .
If severe PRS occurred with severe hypotension during the immediate postreperfusion period, epinephrine was the drug of first choice, and 10 μg of epinephrine was injected. If PRS persisted, doubled doses of epinephrine were repeatedly administered every minute for 5 min until MAP was restored to >70% of baseline. Persistent severe hypotension despite 5 doses of epinephrine was treated with titrated infusion of NE. If severe hypotension and anuria persisted when the dose of NE increased to ³0.5 μg/kg/min, infusion of vasopressin was started in response to a suspected diagnosis of vasoplegic syndrome (VS) [18, 19] . If severe PRS occurred with significant arrhythmias due to hyperkalemia during the immediate postreperfusion period, intravenous boluses of calcium chloride and epinephrine together with speed control reperfusion technique [20, 21] were used.
Data collection
Recipient, donor, and graft variables were collected, including recipient age, recipient sex, recipient height, recipient weight, Child-Turcotte-Pugh (CTP) score, Model for End-stage Liver Disease (MELD) score, indications for LT, donor age, donor sex, donor body mass index, donor type (DBD or DCD), graft weight, graft-to-recipient weight ratio (GRWR), donor WIT, graft CIT, graft WIT, and DRI. Intraoperative details, including flushed fluid measurements before reperfusion, hemodynamic and blood gas parameters during the reperfusion period, and the use of vasopressor agents after reperfusion, were also recorded. Postoperative data included the highest alanine aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin (TB), lactic dehydrogenase (LDH), and gamma-glutamyl transpeptidase (GGT) levels during the first week after the operation, mechanical ventilation time, intensive care unit (ICU) stay duration, hospital stay duration, and the occurrence of early allograft dysfunction (EAD) and acute kidney injury (AKI). Donor WIT was defined as the time from the withdrawal of life support in DCD donors or the occlusion of the portal vein in DBD donors to the start of cold perfusion of the donor liver. Graft CIT was defined as the time from the start of cold perfusion of the donor liver to reperfusion of the liver graft in the recipient. Graft WIT was defined as the time from the liver graft's removal from the ice box to reperfusion in the recipient. DRI was calculated to evaluate the quality of the live grafts [12] . EAD was assessed using Olthoff's definition [22] . AKI was defined according to the Kidney Disease: Improving Global Outcomes (KDIGO) criteria [23] .
Statistical analyses
All values are expressed as the mean ± standard deviation, median (interquartile range), or number and percentage, as appropriate. Parametric and nonparametric variables were compared using independent t tests or Mann-Whitney U tests, respectively. Qualitative variables were analyzed using c 2 tests and Fisher exact tests. The performance and the best cut-off value of significant variables for predicting severe PRS were evaluated using the receiver operator characteristic (ROC) curve. The Spearman correlation coefficient was used to assess the strength of the associations of severe PRS and donor characteristics with the FFK. Two-sided p-values of less than 0.05 were considered significant. All statistical analyses were performed using SPSS software version 17 (SPSS, Inc., Chicago, IL, USA).
Results
Baseline characteristics
From October 2016 to June 2017, 49 consecutive adult patients underwent LT. Seven patients who underwent LT from living-related or domino donors and 2 for whom FFK was not measured were excluded ( Figure 1 ). Finally, a total of 40 patients enrolled in this study were analyzed. Thirteen patients (32.5%) had hepatocellular carcinoma and 8 patients (20.0%) had hepatitis B virus cirrhosis. Twenty-eight patients (70.0%) were male, and the patients' mean age was 52.9±10.2 years. The mean recipient body weight was 67.3±12.5 kg, mean liver graft weight was 1290.9±247.9 g, and mean GRWR was 1.97±0.53%. The median CTP score and MELD score were 7 (6-10) and 13 (9-17), respectively. No patient required pressor support, dialysis, or mechanical ventilation preoperatively. Other baseline characteristics are shown in Table 1 .
Incidence of severe PRS and postreperfusion complications
Twelve patients experienced persistent severe hypotension, 5 patients developed significant arrhythmias, and 5 patients experienced both persistent severe hypotension and significant arrhythmias. Thus, a total of 22 patients (55.0%) met the criteria for severe PRS. The MAP level at 5 min after reperfusion was significantly lower among severe PRS patients compared with the non-severe PRS patients (median, 61.5 vs. 79.5, P<0.001). The dose of epinephrine immediately after reperfusion was also higher among the severe PRS patients (0.73±0.55 vs. 0.22±0.22, P<0.001). The doses of NE after reperfusion and at the end of surgery in the severe PRS group were higher than that in the non-severe PRS group ( Tables 2, 3 ). Although 10 patients in the severe PRS group had severe arrhythmias related to hyperkalemia, no patient in either group experienced cardiac arrest after pharmacological and surgical interventions.
Early complications and postoperative outcomes
The postoperative peak ALT and peak GGT levels during the first week were comparable between the 2 groups. The serum peak AST, peak TB, and peak LDH levels of the severe PRS group were significantly higher than those of the non-severe PRS group (3174.4±2090. Patients meeting the inclusion criteria n=40
Non-severe PRS group n=18
Severe PRS group n=22 Table 3 . Postreperfusion and postoperative outcomes of the two study groups.
* After patients with pretransplant renal dysfunction were excluded, there were 21 patients in the severe PRS group and 17 patients in the non-severe PRS group. AKI -acute kidney injury; ALT -alanine aminotransferase; AST -aspartate aminotransferase; EAD -early allograft dysfunction; FFP -fresh frozen plasma; GGT -gamma-glutamyl transpeptidase; ICU -intensive care unit; LAC -serum lactate concentration; LDH -lactic dehydrogenase; NE -norepinephrine; PRS -postreperfusion syndrome; RBC -red blood cell; TB -total bilirubin. Table 4 . Comparison of baseline characteristics between the severe PRS and non-severe PRS groups of patients.
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BMI -body mass index; CIT -cold ischemia time; CTP -Child-Turcotte-Pugh; DCD -donation after circulatory death; DRI -donor risk index; FFK -flushed fluid potassium concentration; GRWR -graft-to-recipient weight ratio; MELD -Model for End-stage Liver Disease; PRS -postreperfusion syndrome; WIT -warm ischemia time. Table 5 . ROC analysis to compare the predictive ability of different parameters for severe PRS.
* The following categorical variable was not further assessed using the ROC curve but was associated with severe PRS: donor type. AUC -area under the curve; CI -confidence interval; CTP -Child-Turcotte-Pugh; DCD -donation after circulatory death; DRI -donor risk index; FFK -flushed fluid potassium concentration; MELD -Model for End-stage Liver Disease; ROC -receiver operating characteristic; WIT -warm ischemia time.
Discussion
The most important finding of this study was the novel observation that the FFK is strongly associated with the development of severe PRS in DDLT. Because the FFK can be easily obtained with a point-of-care blood gas analyzer, and the results can be obtained in only 2 to 3 min, this parameter appears particularly valuable for assessing the development of severe PRS before reperfusion and guiding pre-emptive interventions. The fact that the FFK is significantly correlated with the donor type, donor WIT, and DRI suggests that the FFK may serve as a useful parameter for characterizing donor graft profiles to predict severe PRS in DDLT, especially when a DCD or ECD liver graft is used. In addition, we confirmed that severe PRS is influenced not only by liver graft factors but also by the recipient's severity of pretransplant liver disease.
Severe PRS is a dreadful intraoperative complication during LT for both transplant surgeons and anesthesiologists. The definition of PRS in LT has evolved throughout the years [1, 5, 10] . In our series, the incidence of severe PRS was 55.0%, which was comparable with the results reported by Hilmi et al. [1] , although this value was slightly higher than that reported in another previously published investigation [3] . This difference may be attributable to the fact that a high proportion of the liver grafts in our study were procured from DCD donors. Consistently, both Blasi et al. [10] and Pan et al. [11] found that patients who received DCD grafts experienced significantly higher rates of PRS than those who received DBD grafts. Currently, donor factors have captured increasing attention in response to the increased worldwide utilization of DCD donors. Prolonged liver graft WIT [1] and CIT [2, 4] have been reported as the most frequent risk factors for PRS, although this association remains somewhat controversial. Similarly, Fukazawa et al. [12] found that the DRI is a risk factor for the incidence and severity of PRS. In the DCD grafts, for example, uncontrollable longer donor WIT is unavoidable prior to organ procurement due to ethics rules; therefore, these grafts release more proinflammatory cytokines [20, 24] , nitric oxide [20, 25] , free radicals [20, 26] , and intracellular potassium ions [14] , which may promote severe PRS after reperfusion.
Because the pathophysiologic mechanisms are not fully understood, it is still a particular challenge to predict and prevent the occurrence of severe PRS in actual clinical practice.
In this study, we demonstrated that the FFK before reperfusion was significantly associated with severe PRS in patients who underwent DDLT. This association may be explained by the hyperkalemic blood from the grafts resulting from hepatocyte injury, as postreperfusion cardiac arrest or significant arrhythmia is usually attributed to hyperkalemia after reperfusion; however, the association could also be the result of higher levels of vasoactive substances released from the liver grafts. The PVF is one of the most widely used graft-washout techniques and has been reported to reduce the incidence of PRS via the clearance of the preservation solution and the necrotic elements of the damaged hepatocytes [15, 27, 28] . Homvises et al. [15] found that PVF with 500 mL of 5% albumin was sufficient to remove 90% of the UW solution and avoid hyperkalemia after reperfusion in the adult population with donor livers weighting approximately 1200 g to 1500 g. Although PVF using a certain volume was routinely used at our center, the FFK varied dramatically, and this might be explained by differences in liver graft hepatocyte injury. Severe PRS is usually accompanied by hyperkalemia, but whether hyperkalemia plays a leading role in the development of severe PRS remains controversial [129, 30] .
In addition to donor and liver graft factors, we also found that higher CTP and MELD scores were independently associated with severe PRS in DDLT. Consistent with our results, previous studies by Chung et al. [13] and Siniscalchi et al. [31] found that higher MELD scores were associated with PRS. These findings confirm that the severity of liver disease is significantly associated with severe PRS. Cases of advanced liver cirrhosis are often complicated by cardiovascular system abnormalities such as a hyperdynamic circulation state, cirrhotic cardiomyopathy, and relative vasopressin deficiency, thus increasing the risk that PRS will develop as a result of systolic and/or diastolic dysfunction, central hypovolemia, and hyporesponsiveness to vasoconstrictors [6, 18] . Theoretically, the severity of a recipient's liver disease or cardiovascular dysfunction can contribute to the development of severe PRS by inducing hemodynamic instability in DDLT. In fact, severe PRS can even occur in patients with normal liver and cardiovascular function during LT using DCD or ECD grafts. Therefore, donor and graft conditions may play a key role in the development of severe PRS and subsequently affect liver allograft and patient outcomes after DDLT, and both severe PRS and poor postoperative liver function may indicate a problem related to the graft condition.
There are several potential limitations to our study. First, this was a single-center, retrospective study with a relatively small sample size, thus leading to some confounding factors that could not be excluded by univariate analysis. Second, the management of patients with a higher FFK was not standardized. Five patients had FFK values greater than 13 mmol/L, which may even trigger cardiac arrest after reperfusion. Further research will be needed to confirm whether pre-emptive interventions should be applied to prevent the development of severe PRS, such as advanced PVF with more flushing fluids, retrograde reperfusion [16, 17] , vasopressor pretreatment [32, 33] , or the speed-controlled reperfusion technique [20, 21] . Third, the definition of severe PRS in this study inevitably included a state of vasoplegia or even VS, which is usually related to advanced liver disease and ischemia-reperfusion injury of the liver graft. Admittedly, there appear to be some differences between the conventional definition of PRS [5] and VS [19] , but it is exceedingly difficult to discriminate between them in a crisis situation because both PRS and vasoplegia occur within a few minutes after reperfusion, and their causes are partly attributable to the systemic inflammatory responses induced by ischemia-reperfusion injury. The definition of severe PRS [1] comprises a more serious form of PRS and vasoplegia and is more suitable for clinical use in DDLT, especially when a DCD or ECD donor liver is implanted. Fourth, we were not able to analyze the relationship between serum potassium concentration and severe PRS because the potassium concentration immediately after reperfusion was not routinely measured, and the temporarily elevated potassium level usually returns to normal in 1 to 2 min as a result of uptake by the new liver [34] . Further research will be needed to confirm whether a relationship exists between the change in serum potassium concentration and severe PRS. Lastly, some unmeasured components other than potassium ions might also be responsible for the development of severe PRS, suggesting that future studies are warranted to investigate the associations between other vasoactive substances in the effluent solution and severe PRS.
Conclusions
In conclusion, we showed that both the severity of the recipient's liver disease and the donor graft factors were associated with the presence of severe PRS in adult DDLT recipients and that the FFK can serve as an accurate predictor of severe PRS, thus providing an early warning and allowing timely therapeutic interventions. Practically, an FFK cut-off of more than 6.75 mmol/L had a very good ability to predict severe PRS during LT from deceased donors. Close and regular monitoring of the FFK is required to identify patients at risk of severe PRS. These findings should be confirmed in additional studies.
